Thioredoxin is a highly conserved disulfide reducing protein whose structure and biochemical properties have been extensively studied. Nonetheless, its function in vivo is not well defined. In Drosophila, the maternal-effect gene deadhead encodes a thioredoxinlike protein that is required for initiation of embryonic development. Here we report that deadhead function is dependent on its enzymatic activity: transgenes carrying mutations in thioredoxin's conserved active site failed to rescue the deadhead mutant phenotype. A number of studies have documented that thioredoxin plays a role in DNA synthesis. If thioredoxin is required for DNA synthesis in the fly, then deadhead mutations will suppress mutations that inappropriately synthesize DNA. Contrary to expectation, we find that deadhead does not function as a suppressor in this assay. The observed epistatic relationship between these mutations clearly indicates that deadhead is not essential for DNA metabolism. The possibility of a regulatory role in controlling the initiation of S-phase is discussed.
Introduction
In Drosophila, the transition from egg to embryo requires that the oocyte nucleus successfully completes meiosis and the resulting zygotic nuclei initiate a series of rapid mitotic divisions. Because these early events are initiated before zygotic transcription begins, the necessary machinery and regulatory components must be supplied by the mother. As a consequence, regulation of these early events is controlled at the post-transcriptional level. Our finding that the Drosophila maternal-effect gene deadhead (dhd) encodes a protein with extensive sequence similarity to thioredoxin has led to the suggestion that redox-regulation plays a role in the post-translational control of some of these early events (Salz et al., 1994) . Indeed, recent studies in a number of systems have begun to establish that the reversible formation of disulfide bonds via redox-control is * Corresponding author. Tel.: +1 216 3682879; fax: +1 216 3683432; e-mail: hks@po.cwru.edu an important means of post-translational control (reviewed in Bardwell and Beckwith, 1993) .
Thioredoxin is a highly conserved member of a family of disulfide reducing proteins that control the reversible formation of disulfide bonds (reviewed in Holmgren, 1989; Buchanan et al., 1994) . Originally characterized as the hydrogen donor for ribonucleotide reductase in Escherichia coli, both bacterial and mammalian thioredoxins are capable of modifying the redox status of many proteins in vitro. Interestingly, not all of the functions attributed to thioredoxin are dependent on its redox activity. For example, in E. coli, thioredoxin's role as an essential subunit of the T7 DNA polymerase does not require its ability to function as a disulfide reducing protein Tabor et al., 1987; Himawan and Richardson, 1992) . In mammals, thioredoxin's role in early pregnancy sera's ability to modify lymphocytes in a rosette inhibition assay is also redox-independent (Tonissen et al., 1993) .
Recent in vivo studies indicate that thioredoxin may play an important role in DNA synthesis. Mutations that eliminate thioredoxin activity in Saccharomyces cerevi-A. PeUicena-Pallg et aL / Mechanisms of Development 62 (1997) [61] [62] [63] [64] [65] siae are viable but have abnormal cell cycles in which S phase is three-fold longer than in wild type (Muller, 1991; Muller, 1994; Muller, 1995) . Although the precise role of thioredoxin in DNA synthesis is not known, these studies have shown that the yeast thioredoxin is not necessary for ribonucleotide reductase activity. This observation has led Muller to suggest that thioredoxin functions as a regulator of DNA synthesis by reduction of an unknown target protein component of the replication apparatus. Support for this model comes from Xenopus where the inhibition of thioredoxin activity blocks DNA synthesis even in the presence of large amounts of maternally provided deoxyribonucleotides (Hartman et al., 1993) .
The possibility of a role in DNA synthesis in Drosophila is consistent with the mutant phenotypes we observe (Salz et al., 1994) . Mutant females lay eggs that are morphologically normal, are fertilized but do not hatch. The most prevalent defect observed in these eggs is an abnormal polar body structure which could be suggestive of an unresolved meiotic division. This type of defect may be explained by a defect in DNA replication because one does not expect the spindle to be able to separate unreplicated chromatin. A second, less severe defect is seen in about 10% of eggs laid by mutant mothers. These embryos have normal polar body structures and appear to initiate development, but display a range of defects in preblastoderm mitosis that may also be explained by a defect in DNA replication. It should be noted that our studies have also shown that dhd function is restricted to oogenesis and the maternal support of early embryonic development, as demonstrated by its maternal-effect mutant phenotype and consistent with its limited RNA expression pattern. It follows, therefore, that if dhd does have a role in DNA synthesis, its function must be limited to female germ cells and the early embryonic cell divisions. This possibility is not unreasonable, given that regulation of the early nuclear divisions appears to be distinct from regulation of divisions later in development.
Here we present our continued analysis of the dhd gene. In the first set of experiments we ask whether dhd's function is redox-dependent or -independent by mutating the highly conserved active-site consensus sequence in vitro and analyzing the mutations in vivo. We report here that active site mutations are not functional, demonstrating that dhd's function in vivo is dependent on its disulfide reducing activity.
In a second set of experiments, we ask whether dhd plays a role in DNA synthesis. We reasoned that if dhd is in fact necessary for DNA synthesis then dhd mutations will suppress the giant-nuclei mutant phenotype of a group of mutations that inappropriately initiate DNA synthesis in the early embryonic cell divisions. Contrary to our expectation, we find that the null allele of dhd does not function as a suppressor in this assay. Based on these studies, we conclude that dhd does not play an essential role in DNA metabolism.
Results and discussion

dhd requires its redox-active site for function in vivo
The active site of thioredoxin is highly conserved and contains two cysteins that undergo a reversible redox change to provide the sulfhydryl groups necessary for its reducing function (see Fig. 1 ). The conversion of the active site cysteines to serines in the human thioredoxin have been shown to eliminate its ability to function as a protein disulfide reductase (Oblong et al., 1994) . To determine whether dhd's function requires this active site, we generated an analogous mutation (dhd c3~s/c34s) in a dhd (Salz et al., 1994) , the yeast TRX1 gene (Muller, 1991) and the human gene (Wollman et al., 1988 ) is shown. The active site (WCGPCK) is indicated in bold face type and the location of the active site mutations is indicated above the sequence. Identical amino acids are indicated by vertical lines (I) and similar amino acids are indicated by a plus ( + ). Sterile  i  Sterile  2  Sterile  3  Sterile  0  Fertile  1  Fertile  2  Fertile  3  Fertile  0  Sterile  1  Fertile  2  Fertile  3  Fertile  0  Sterile  1  Sterile  2  Sterile  3  Sterile  0  Sterile  1  Sterile  2  Sterile  3 Sterile aFor each experiment, dhdS/dhd 5 homozygous females with single copy of the transgene were heat shocked for 0-3 consecutive days for 30 rain each day at 37~C and allowed to lay eggs for 24 h. bFertility was initially assessed by estimating the percentage of embryos that hatched. We found that this was generally an all or none phenomenon, therefore the animals were scored either as fertile or sterile. This all or nothing phenomenon suggests that the embryos require a threshold amount of dhd product in order to initiate development.
cDNA, generated transgenic animals with a copy of this active site mutation and tested its functionality by determining its ability to complement the dhd null allele, dhd JS. The heat-inducible hspTO promoter was chosen to drive expression of the active site mutant allele because transgenic lines carrying the dhd + cDNA driven by the hsp70 promoter provide sufficient function to rescue the dhd female-sterile phenotype. Transgenic females carrying a single copy of the hsp70::dhd + construct (line T6) rescued the dhd mutant phenotype, even without heat shock treatments (Table 1) . Rescue was also obtained with a second line (line T5) but it required a single heat shock treatment of 30 rain (Table 1) .
We found that transgenic animals carrying a single copy of the hspTO::dhd C31s/C34s active site mutant construct failed to rescue the dhd mutant phenotype, even when expression was induced to high levels by heat shock treatments on 3 consecutive days (Table 1) . To establish that the mutant transgenes were expressed and inducible by heat shock, the amount of RNA produced by transgenic females after heat shock treatment was compared. As illustrated in Fig. 2 , we found both mutant and wild type transgenes were induced to similar levels, confirming that the mutant transgenes are expressed. These data provide clear evidence that the double cysteins in the conserved active site of thioredoxin are necessary for dhd function. The requirement for the redox-active site suggests that dhd functions by reducing a disulfide bond in its target protein(s).
The dhd null mutation does not suppress the uncontrolled DNA replication seen in embryos from gnu, pan gu and plutonium mutant mothers
The finding that dhd requires the redox-active site for function suggests that dhd, like the yeast thioredoxin, plays a role in DNA synthesis. Entry into S-phase in the early embryo is regulated by a set of specialized proteins encoded by the gnu, pan gu (png) and plutonium (plu) genes (Freeman and Glover, 1987; Shamanski and OrrWeaver, 1991) . Mutations that eliminate gene function at any of these three loci allow DNA synthesis to be initiated prematurely. Females homozygous for any of these mutations lay eggs in which the meiotic products and the pronucleus undergo extensive DNA replication resulting in a 'giant nuclei' mutant phenotype. Since this giant nuclei phenotype is due to unregulated DNA synthesis, we rea-1 2 3 4 5 6 hs Fig. 2 . Expression levels of dhd mRNA in transgenic animals. Northern blot of equal amounts of total RNA isolated from females that had been exposed to three beat shock treatments as described in Section 4. 2), the RNA detected from dhdJS/ dhd J5 females that are also heterozygous for the transgenes must be derived from the copy of dhd located within the P-element insertion. We note that the size of the RNA derived from the transgenes is about 200 bp larger than the endogenous dhd RNA, presumably because of differences in polyadenylation. soned that if dhd is indeed necessary for DNA synthesis, then a null allele of dhd will suppress the giant nuclei phenotype of the gnu, pan gu and plu mutant alleles. If dhd does suppress the giant nuclei phenotype then embryos from double mutant mothers will have the same phenotype as embryos from dhd mutant mothers (Fig. 3B ).
To test this prediction, we generated double mutant mothers between the dhd null allele, dhd J5 and null mutations in each of the three giant nuclei genes and examined the phenotype of the eggs. In contrast to our expectations, dhd did not suppress the premature initiation of DNA synthesis in any of the three giant nuclei mutations. For example, as illustrated in Fig. 3C , embryos from dhd png double mutant females displayed a giant nuclei phenotype. Similarly, embryos from dhd gnu and dhd plu double mutant females displayed a giant nuclei phenotype (data not shown).
The observation that dhd does not suppress the formation of giant nuclei clearly demonstrates that DNA synthesis proceeds in the absence of dhd activity. We can further interpret the epistatic relationship between these mutations in two ways. One interpretation is that dhd plays no role in DNA synthesis. This interpretation, however, implies that although thioredoxin plays a role in DNA synthesis in yeast and Xenopus it is not conserved in Drosophila. An alternative interpretation is that dhd functions as part of the regulatory mechanism that controls DNA synthesis. If this is the case, then our data suggest that dhd functions to inactivate gnu, png and plu during the transition from egg to embryo. Critical to our model is the prediction that in the absence of dhd function, gnu, png and plu remain active. Because the gnu, png and plu are maternally contributed, we know that their activity is regulated post-transcriptionally. Thus, it is possible that dhd functions to inactivate these proteins by altering their redox status in response to embryonic activation. One need not propose, however, that this is dhd' s sole function.
Indeed, as reported previously, the elimination of dhd function also affects the completion of meiosis, another hallmark event in the activation of development, suggesting that dhd may be part of a global mechanism that renders the cytoplasm of the egg competent to initiate development.
Experimental procedures
Fly stocks and culture conditions
All mutations and balancer chromosomes are either described in the text, in Salz et al. (1994) or in Lindsley and Zimm (1992) . Except where noted, all crosses were carried out at room temperature which ranged from 22 to 25°C, on a standard cornmeal, yeast, molasses and agar medium.
Construction and analysis of dhd ÷ and active-site mutant transgenes
P [w +, hsp70::dhd +] was constructed by ligation of a full length cDNA, described in Salz et al. (1994) , into the pCasper-hs transformation vector (Pirrotta, 1988) . The pCasper-hs vector carries an HspTO promoter to drive the expression of the inserted sequence and a white + mini-gene as a marker to recognize and follow the transgene.
The active-site mutant was generated in the dhd + cDNA described by the PCR-based site-directed mutagenesis method described in Ausubel et al. (1992) . The mutagenesis primer used, ACA TGG AGT GGT CCC _AGC AAG GAA, contains two base pair changes (underlined) that convert amino acid 31 and amino acid 34 from cysteins to serines. The sequence of the entire mutated cDNA was verified by direct sequencing and then ligated into the pCasper-hs vector as described above.
Germline transformants were obtained by co-injecting the Casper-hs constructs with the helper plasmid phsa-into y w 1118 embryos by standard methods (Spradling and Rubin, 1982; Stellar and Pirrotta, 1986) .
For heat shock induction of the transgenes, adult females were placed in an empty vial and immersed in a 37°C water bath for 30 min. Heat shock treatments were repeated every 24 h where indicated. Embryos from heat shocked females were collected for 24 h and after an additional 48 h an estimate of the percentage of embryos that hatched was made. In these experiments we found that either more than 90% of the embryos hatched or less than 1% of the embryos hatched.
To check that expression of the transgene was induced by heat shock, total RNA was isolated from females that had been exposed to three heat shock treatments, as described above. The Northern blots were probed with a 1.7 kb EcoR1/XbaI genomic fragment that only detects the dhd transcript (Salz et al., 1994) .
We note here that ectopic dhd expression does not cause a mutant phenotype. For each transgene, we maximized expression by subjecting wild type animals with two copies of each transgene to a 1 h heat shock treatment starting in mid-embryogenesis and continuing daily throughout larval development. Following this heat shock treatment, we recovered the expected number of transgene-bearing progeny and noted that these progeny were fertile. Thus, it is clear that ectopic dhd + expression does not cause a gain-of-function phenotype. We also note that in a parallel set of experiments, ectopic expression of the hsp70::dhd c31s/f34s mutant transgene does not appear to produce a gain-of-function phenotype.
Epistasis analysis
Double mutant females of the following genotypes were generated using standard genetic crosses: (1) w dhdJS/w dhdS; gnu 305 th st ri roe pP/ gnu 3°5 th st ri roe pP; (2) w dhdJS/w dhdJS; plu 3 bw sp/plu 3 bw sp; (3) y png 12-3318 dhdJS/ 12-3318 pngÂ3-1o58 dhdJS/y png13-1o58 y png dhdS; and (4) y dha¢ ~. Embryos from homozygous double mutant females were collected over a 3-4 h period, fixed and the DNA visualized by staining with 4,6-diamidino-2-phenylindole as described in Salz et al. (1994) . For each mutant phenotype at least 300 embryos were mounted in 50% glycerol/ PBS, viewed and photographed as whole mounts on a Zeiss Axiophot microscope.
